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Two distinct superconducting states in KFe2As2 under high pressure
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We report measurements of ac magnetic susceptibility χac and de Haas-van Alphen (dHvA)
oscillations in KFe2As2 under high pressure up to 24.7 kbar. The pressure dependence of the
superconducting transition temperature Tc changes from negative to positive across Pc ∼ 18 kbar as
previously reported. The ratio of the upper critical field to Tc, i.e, Bc2/Tc, is enhanced above Pc, and
the shape of χac vs field curves qualitatively changes across Pc. DHvA oscillations smoothly evolve
across Pc, indicating no drastic change in the Fermi surface up to 24.7 kbar. Three dimensionality
increases with pressure, while effective masses show decreasing trends. We suggest a crossover from
a nodal to a full-gap s wave as a possible explanation.
PACS numbers: 74.70.Xa, 74.62.Fj, 71.18.+y, 74.25.Dw, 74.25.Jb
I. INTRODUCTION
Since the discovery of superconductivity at Tc = 26 K
in LaFeAs(O, F) by Kamihara et al.,1 iron-based high-
Tc superconductivity has been one of the focuses of re-
search in the condensed-matter physics community. One
of notable features of the iron-based superconductors
is that, unlike the cuprates, their gap structures are
not universal: while some are fully gapped, others have
nodal gap structures.2 Especially intriguing is the case of
(Ba1−xKx)Fe2As2: thermodynamic and other measure-
ments indicate that the gap structure changes from a
fully gapped one near the optimal doping (x ∼ 0.4)3–7 to
a nodal one at x = 1, i.e, KFe2As2.
8–13 A laser ARPES
(angle-resolved photoemission spectroscopy) study on
KFe2As2 has found an s-wave gap with accidental nodes
on one of the Γ-centered Fermi surface cylinders,12 al-
though there is a claim of a d-wave gap based on thermal
conductivity measurements.11 Theoretical studies based
on spin-fluctuations approaches indicate that various gap
structures with s- or d-wave symmetries are in close
competition.14–17
Recently, Tafti et al. have found from resistivity mea-
surements that the pressure dependence of Tc in KFe2As2
changes from negative to positive at a critical pressure
Pc = 17.5 kbar.
18 Since the resistivity and Hall coeffi-
cient vary smoothly across Pc, it has been claimed that
this change is not due to a change in the Fermi surface
but due to a change of pairing symmetry. In this paper,
our ac magnetic susceptibility χac measurements confirm
that the pressure dependence of bulk Tc in KFe2As2 does
change at Pc. We show that the ratio Bc2/Tc, where Bc2
is the upper critical field for B ‖ c, is enhanced above
Pc and that magnetic responses in the superconducting
states below and above Pc are markedly different. We
also show that de Haas-van Alphen (dHvA) oscillations
vary smoothly across Pc, suggesting absence of Fermi sur-
face (FS) reconstruction at Pc in line with Ref. 18. We
discuss implications of these observations.
II. EXPERIMENT
High-quality single crystals of KFe2As2 were prepared
by a self-flux method.19 A sample placed in a balanced
pick-up coil was pressurized in a NiCrAl piston-cylinder
pressure cell, which was loaded in a 3He-4He dilution
refrigerator equipped with a 20 T superconducting mag-
net. The pressure transmitting media was Daphne 7474,
which remains liquid up to 37 kbar at room temperature
and ensures highly hydrostatic pressure generation.20 A
Manganin wire gauge was used to determine the pressure
at low temperatures.21
III. RESULTS AND DISCUSSION
Figure 1(a) shows χac as a function of temperature
T for pressures up to 24.7 kbar. The superconducting
transition shits to lower temperatures up to 16.4 kbar
(< Pc) but moves to higher temperatures as the pres-
sure is increased from 21.4 (> Pc) to 24.7 kbar. The size
of the diamagnetic signal does not change with P , in-
dicating that the superconducting volume fraction does
not change with P . Figure 1(b) shows χac as a func-
tion of magnetic field B for pressures up to 24.7 kbar.
The upper critical field Bc2 decreases with P for P < Pc
but increases for P > Pc similarly to Tc. Figure 1(c)
shows Tc, Bc2, and Bc2/Tc as a function of pressure.
22
Although the present values of Tc for P > Pc are slightly
lower than those reported in Ref. 18, the variation of Tc
qualitatively agrees with Ref. 18 and also with a most re-
cent article.23 Low-pressure data are also consistent with
Ref. 24. A new observation here is that the ratio Bc2/Tc
grows across Pc: it decreases with P up to 16.4 kbar but
takes a larger value at 21.4 kbar. We also notice that the
χac(B) curves change qualitatively across Pc [Fig. 1(b)].
At P = 0 kbar, χac shows a rounded downward peak just
below Bc2. This is due to the peak effect.
25 Figure 1(b)
shows that the peak effect becomes smaller and smaller
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FIG. 1. (color online). (a) AC magnetic susceptibility χac
as a function of T at different pressures. (b) χac as a func-
tion of the field B applied parallel to the c axis at different
pressures. The curves for P = 21.4 and 24.7 kbar are shifted
vertically. The measurement temperature is 0.02Tc or lower
at each pressure. (c) Pressure dependencies of Tc, Bc2, and
Bc2/Tc. The definitions of Tc and Bc2 are shown in (a) and
(b), respectively.
as the pressure is increased up to 16.4 kbar. However, as
the pressure is further increased to 21.4 kbar (> Pc), the
peak effect strengthens abruptly. The shape of the peak
is also different: a shoulder appears on the lower field side
of the peak above Pc. The clear difference of response of
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FIG. 2. (color online). Fermi surface cross-sections observed
via dHvA measurements at ambient pressure. The in-plane
anisotropy is neglected. The line thickness indicates the mag-
nitude of the c-axis dispersion. Reproduced from Ref. 26
the vortex lattice to the applied field between below and
above Pc as well as the increase in Bc2/Tc above Pc indi-
cates that there are two distinct superconducting states
below and above Pc.
Before describing dHvA data under high pressure, we
review the Fermi surface in KFe2As2 at ambient pressure.
As schematically shown in Fig. 2, the Fermi surface con-
sists of three hole cylinders α, ζ, and β at the Γ point of
the Brillouin zone (BZ) and small hole cylinders ǫ near
the X point.26–29 Each cylinder has the minimum and
maximum orbits giving rise to two dHvA frequencies la-
beled with subscripts l and h hereafter, except that only
one frequency has been found for the β cylinder.26 The αl
and ζl orbits are close enough for magnetic breakdown to
occur at certain points of the orbits. See the P = 0 kbar
spectrum in Fig. 4(a): small peaks except αh between
the αl and ζl peaks are magnetic breakdown frequencies
and their amplitudes are quickly suppressed as field is
decreased.26
DHvA oscillations have been observed at all the mea-
sured pressures. For example, Fig. 3(a) shows Fourier
transforms of dHvA oscillations in two field windows
measured at P = 21.4 kbar. Part of the oscillations is
shown in the inset. Two frequency peaks below F <∼ 0.3
kT are identified as the ǫl and ǫh frequencies. Among
many peaks appearing in a frequency region between 2.5
and 3 kT, two peaks that retain substantial amplitudes
in the low-field spectrum (dotted line) are identified as
the αl and αh fundamental frequencies. The rest can be
ascribed to magnetic breakdown frequencies between αl
and ζl, although it is difficult to identify the latter. Fig-
ure 3(b) shows the temperature dependences of the am-
plitudes of αl and αh. By fitting the Lifshitz-Kosevich
formula30 to them, we obtain effective masses of 4.6(3)
and 5.5(5) me, respectively, where me is the free electron
mass.
Figure 4(a) shows the Fourier spectra for all the mea-
sured pressures. The ǫl,h frequencies decrease with pres-
sure, while the αl,h frequencies increase. The frequencies
of ǫl, ǫh, αl, and αh at P = 24.7 kbar are 68, 84, 111,
and 114% of those at P = 0 kbar. Since the lattice is
compressed by pressure, the Brillouin zone expands with
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FIG. 3. (color online). (a) Fourier transforms of dHvA oscil-
lations at P = 21.4 kbar in two different field windows. The
two large peaks in the low-field spectrum (dotted) are identi-
fied as the αl,h fundamental frequencies. The inset shows part
of the recorded oscillations. (b) Temperature dependences of
the amplitudes of the αl,h frequencies. Solid lines are fits to
the Lifshitz-Kosevich formula, from which the effective masses
are estimated as indicated.
pressure and hence dHvA frequencies would increase even
without change in the electronic structure. Although
there is no high-pressure structural data on KFe2As2, a
neutron study on BaFe2As2 shows that the a axis shrinks
by about 1% at P = 25 kbar,31 corresponding to 2 % ex-
pansion of the Brillouin zone. The observed changes are
larger than this and are opposite in the cases of the ǫl,h
frequencies.
We first consider the possibility of a Lifshitz transi-
tion at Pc. It seems that the Γ-centered cylinders are
too big to disappear and too small to touch the Brillouin
zone boundary by the application of a moderate pressure
of 25 kbar (see Fig. 2), and indeed the α frequencies
continue to exist above Pc. The only possibility to be se-
riously considered is disappearance or fragmentation of
the ǫ cylinder. However, Fig. 4(a) clearly shows that the
ǫ cylinder continues to exist above Pc. We therefore con-
clude that no Lifshitz transition occurs at Pc in line with
Ref. 18. The pressure variation of the ǫl,h frequencies is
smooth across Pc. If we extrapolate it to higher pres-
sures, we can expect that the cylinder will be divided at
the position of the minimum cross-section, i.e., Fǫl → 0,
near 70 kbar. It would be interesting to see what happens
there.
We now turn to the global structure of the Fermi sur-
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FIG. 4. (color online). (a) Fourier transforms of dHvA oscil-
lations at different pressures. For P = 16.4, 21.4, and 24.7
kbar, high-field (solid) and low-field (dotted) transforms are
shown as in Fig. 3(a) to identify the αl,h fundamental fre-
quencies. (b) Pressure dependencies of the effective masses
associated with the αl,h fundamental frequencies. In both (a)
and (b), the data for P = 0 kbar are taken from Ref. 26.
4face above Pc. At ambient pressure, the ǫ, α, ζ, and β
cylinders have been estimated from the dHvA frequen-
cies to occupy 1.1×4, 8.4, 13.0, and 25.6% of the Bril-
louin zone (% BZ) respectively (there are four ǫ cylinders
per the Brillouin zone).26 The present dHvA data at P
= 24.7 kbar indicate that the ǫ and α cylinders occupy
0.8×4 and 9.2% BZ, respectively, where we have used the
average of the minimum and maximum frequencies and
have taken into account the 2% expansion of the Bril-
louin zone cross-section. As explained above, magnetic
breakdown frequencies between αl and ζl are observed
above Pc [Fig. 4(a)]. It indicates that the sizes of the
two cylinders stay close above Pc, and hence we can as-
sume that the ζ cylinder grows by about 1% BZ from P
= 0 to 24.7 kbar as α does. To conserve the total Fermi
surface volume, the β cylinder would shrink by about 1%
BZ at P = 24.7 kbar. These estimates indicate that the
global structure of the Fermi surface hardly changes up
to P = 24.7 kbar (> Pc).
Nonetheless, there are noteworthy changes in the elec-
tronic structure. Firstly, the three-dimensionality grows
with pressure as expected. To quantify it, ∆F/Fav in-
creases from 0.40 to 0.59 for the ǫ cylinder and from 0.038
to 0.069 for the α cylinder as the pressure is increased up
to P = 24.7 kbar, where ∆F and Fav are the difference
and the average of the minimum and maximum frequen-
cies. Secondly, there is a decreasing trend in effective
masses. Fig. 4(b) shows the effective masses of αl,h as
a function of pressure. Although error bars are large,
a general decreasing trend can be seen both below and
above Pc. The effective mass m
∗ can be expressed as
m∗ = mband(1 + λ), mband being the band mass. The
mass enhancement (1+λ) is due to interactions between
electrons and bosons such as phonons and spin fluctu-
ations. Since changes in the sizes of the Fermi surface
cylinders are not appreciable up to P = 24.7 kbar as
noted above, we may assumemband to be constant. Then,
the decreasing trend in m∗ translates into that in λ.
We now discuss implications of our results. The in-
creasing three-dimensionality and decreasing λ are gen-
erally considered unfavorable to superconductivity, and
hence seem at odds with the increasing Tc above Pc. Let
us consider a McMillan-type formula Tc ∼ To exp[−(1 +
λ)/λ]. The characteristic boson energy To here is the
spin-fluctuation energy TSF , which is roughly inversely
proportional to γ and hence to (1+λ), where γ is the elec-
tronic specific heat coefficient.32 The above formula then
produces a broad maximum of Tc as the coupling strength
λ is varied but not a minimum as observed. Even with
more elaborated treatments of spin-fluctuation mediated
superconductivity such as Refs. 32 and 33, it would be
difficult to reconcile the minimum of Tc at Pc with the
decreasing λ within a single-band picture. The reversal of
the pressure dependence of Tc is therefore related to the
multiband nature of the superconductivity in KFe2As2.
Namely, it is caused by competition among different in-
traband and interband pair scatterings.
Finally, we consider whether Pc is a phase transition
or crossover ? The Tc(P ) curve reported in Ref. 18 has a
sharp V-shaped minimum at Pc. Since the authors take
the view of a d-wave symmetry at ambient pressure, they
have suggested a phase transition from a d wave to an
s wave at Pc. In comparison, the anomaly at Pc in our
Tc(P ) data appears rather weak and gradual. Also, the
laser ARPES study has provided strong evidence that
the gap structure at ambient pressure is an s-wave one
with accidental nodes, and results of a magnetic-field-
angle dependent specific heat study are compatible with
it.12,13 We therefore suggest another possibility that the
minimum of Tc at Pc may be due to a crossover from a
nodal s wave to a full-gap s wave. Since the symmetry re-
mains an s wave, it is not a phase transition.2 Existence
of nodes on the Fermi surface is basically unfavorable
to Tc because part of strong pair scattering contributes
destructively to pairing.34 Thus removal of nodes may re-
sult in enhancement of Tc. We here pay spacial attention
to a recent theoretical work.17 It successfully predicts a
gap structure that is compatible with the laser ARPES
data, using interaction parameters estimated from band
structure calculations. The predicted gap structure is an
s-wave one in which the gap function basically changes
sign between the two Γ-centered hole pockets in the un-
folded zone, which correspond to our α and ζ cylinders,
and has nodes on one of the pockets corresponding to our
ζ cylinder. More importantly, it also shows that if the
intraband scattering within the α cylinder is only slightly
weakened, the nodes are readily removed.
IV. SUMMARY
We have confirmed from bulk Tc measurements that
the pressure dependence of Tc in KFe2As2 changes sign at
Pc. The ratioBc2/Tc is enhanced above Pc, and magnetic
responses of the vortex lattice show qualitative changes
across Pc. These suggest two different superconducting
states below and above Pc. On the other hand, our dHvA
data have shown no drastic change across Pc. The global
structure of the Fermi surface hardly changes up to the
highest pressure of 24.7 kbar, and no Lifshitz transition
occurs at Pc. Only changes that we have observed are the
increasing three-dimensionality and the decreasing trend
in the effective mass. They are generally unfavorable to
superconductivity within a single-band picture. We have
argued that the reversal of the pressure dependence of Tc
is related to competition between different pair scattering
processes and have proposed that it may be explained by
crossover from a nodal to a full-gap s wave superconduc-
tivity.
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